Stay cables in cable-stayed bridges are prone to large amplitude oscillations under external excitations. The vibration of the cables is predominantly measured by using accelerometers to measure the acceleration. The dynamic displacement is then usually obtained indirectly from the double integration of the acceleration data. This paper reports an experimental method of measuring the displacement of stayed cables using a digital video camera. With the newly developed videogrammetric technique, the video clips are transferred into image frames, from which the shape and location of the target are identified. The displacement time history is then captured. The technique is applied to a cable-stayed bridge to measure the dynamic displacement of stay cables. The displacement is compared with the acceleration data in the frequency and time domains. The results show that the displacement measured by the digital video camera is comparable to the counterparts integrated from the acceleration data. The vibration frequencies identified from the acceleration are finally used to estimate the tension forces of the cables. The results show that the tension forces have insignificant changes after one year's operation.
INTRODUCTION
Dynamic testing techniques, which use accelerometers to measure acceleration, have been widely developed and dominate vibration measurement. With these techniques, the dynamic velocity and displacement are usually obtained indirectly from the integration of the acceleration data, which introduces numerical problems such as baseline correction.
Instruments that directly measure dynamic displacement include the laser Doppler vibrometer and global positioning systems.
The laser Doppler vibrometer (LDV) is used to make non-contact measurements of the velocity of a surface. The LDV uses the Doppler principle to measure the velocity at the point where the laser beam is directed. The reflected laser light is compared with the incident light in an interferometer to give the Doppler-shifted wavelength. This shifted wavelength provides information on surface velocity in the direction of the incident laser beam. Some of the advantages of the LDV over the accelerometer are that the LDV can be directed at targets that are difficult to access or may be too small or too hot to attach a physical transducer. Abe et al. [1] and Kaito et al. [2] have applied LDVs to measure the vibration of bridge decks and stay cables.
Recently, the global positioning system (GPS) has been utilised to measure displacement.
However, its dynamic accuracy is not high enough in many applications. In addition, the GPS equipment needs to be installed on the object of interest, which is difficult for some objects, such as cables. Recently, non-contact measurement techniques such as the photogrammetry and videogrammetry techniques have been developed with the advance of inexpensive and high-performance charge-coupled-device cameras and associated imaging technologies.
Bales [3] applied a close-range photogrammetric technique to several bridges to estimate crack sizes and measure deflection. Li and Yuan [4] developed a 3D photogrammetric vision system consisting of TV cameras and 3D control points for measuring bridge deformation. Olaszek [5] incorporated the photogrammetric principle with the computer vision technique to investigate the dynamic characteristics of bridges. Others applications include References [6 ~ 10] .
This study aims to develop a videogrammetric technique to measure the dynamic displacement of stay cables in cable-stayed bridges. With this new approach, a digital video camera alone is used to capture the vibration of the stay cables and no equipment needs to be installed on the cables. The video clips are first transferred into image frames and the shape of the target is then recognized using image analysis. From the continuous image frames, the position and, thus, displacement time history of the cables can be identified. The technique is employed to measure the dynamic displacement of stay cables in a cable-stayed bridge. The results are compared with those using accelerometers.
FIELD MEASUREMENT

The Jing Jiang Bridge
The Jing Jiang bridge measured in this study is a cable-stayed type, located between Jing 
Field testing
Large vibration of some of the bridge cables has been observed. This test aims to measure the vibration of the cables using the proposed digital video camera technique in the frequency and time domains and to compare the results with those using conventional accelerometers. The frequency domain data will be used to calculate the tension force of the cables, which will be compared with those measured before the bridge was opened to the public in 2008 [11] .
In the experiment in 2009, cable nos. M26 and S25 were measured. Two single-axis accelerometers (type INV9818) were mounted on the cables to measure the acceleration of the cables in the horizontal and transverse directions perpendicular to the longitudinal axis. A digital video camera was used to capture video clips of the target points, which were mounted on the cables a few meters away from the camera. Fig. 3 shows the set-up of the measurement equipment.
Video processing
A video clip is taken of a black solid circle attached to the cable of interest. The motion tracking with the videogrammetric technique includes the following steps. Step 3 above is the key step for obtaining accurate results. A few countermeasures are employed to improve the precision and efficiency of this step:
 The range of the circle is determined beforehand and the later image processing is limited to this area.
 Convert the greyscale image to a binary image, based on the threshold.
 Remove the small objects in the binary image, such that only the target remains.
 Morphologically close the image and smooth the boundary.
 Trace the boundary of the circle. For the same cable, the displacement response measured by the video camera is illustrated in 
TENSION FORCE
The frequencies of the cable, identified from the PSD of the vibration, can be employed to calculate the tension force using empirical formulae. If the effects of sag and bending rigidity are not considered, the relation between the tension force (T) and the first frequency (f 1 ) is [12] 
where m is the mass per unit length (kg/m) and l is the length of the cable.
When the sag effect is considered, Eq. (1) can be corrected as When the sag and bending rigidity effects of the cable are both considered, empirical formulae [15] have been developed according to the magnitude of the sag. 
2) For a large sag (Г≤3), the second in-plane frequency (f 2 ) is used 
The parameters and first frequencies of the cables are listed in Table 1 . Based on the above equations, the tension forces are calculated and listed in Table 2 . Compared with those measured in 2008 before the bridge was put into service, the tension forces vary from −6% to 12%, possibly due to load redistribution. Nevertheless, the tension forces are regarded as in the safe region. 
CONCLUSIONS
Although dynamic displacement is an important parameter in many applications, low cost, accurate measurement techniques are still not available. In this paper, a videogrammetric technique using a home-use digital video camera is developed to measure the dynamic displacement of cables. This preliminary study shows that the proposed videogrammetric technique is a potentially promising method of measuring the vibration of structures.
The accuracy of the measurement using this approach heavily depends on the camera resolution, the distance between the camera and the targeted structure, the frequency of the movement, and the climatic conditions. The video camera used in this study has a resolution of 640 × 480 pixels. If the target moves within a range of 64 mm, then the camera can achieve a resolution of about 0.1 mm. If a high-definition video camera (1920 × 1120 pixels) is used, the accuracy will be improved by two to three times. The climatic conditions do affect the video quality and, as a result, the image recognition.
